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(OSB) only from pulpwood. Both mills are part of the Coillte Panel Products Division and play a key role in the overall structure and success of timber exports from Ireland [6] .
Philips et al. [2] developed a tool for forecasting timber volumes in Ireland for the years 2011 to 2028 based on standing volumes and net realisable volume (volume to the end user). The total stand volume is forecasted to increase from 4.46 Mm 3 to 7.38 Mm 3 which equates to a net volume of 3.79 Mm 3 in 2011 to 6.95 Mm 3 in 2028. The majority of this is to come from the private estate with an 8 fold increase forecasted from 0.38 Mm 3 to 2.95 Mm 3 in 2028. Figure 1 below shows the forecasted net realisable volume (volume to the end user) by sector. Coillte and Northern Ireland Forest Service (NIFS) are state forests with the private sector broken into Republic of Ireland (ROI) and Northern Ireland (NI). In terms of tree species, Spruce (Norway and Sitka) dominate the forecast accounting for 84% (70.36 Mm 3 of total inclusive production) followed by 9% for Lodgepole Pine (7.84 Mm 3 ) and 7% classed as other confiers (5.66 Mm 3 ).
Figure 1.
Forecast of net realisable volume production by sector [2] . Republic of Ireland (ROI), Northern Ireland (NI), Northern Ireland Forest Service (NIFS).
Cable Logging Studies
Cable logging is not a new form of timber extraction and has been studied worldwide for many years in areas such as Central Europe, the Pacific Northwest of United States, Canada and Japan, all looking at different aspects of productivity and costs [7] [8] [9] [10] [11] [12] [13] [14] , health and safety [15, 16] as well as environmental and energy performance aspects [17, 18] . The 2002 ECOWOOD project for example looked at developing an operations protocol for eco-efficient wood extraction on sensitive sites. Current trends are of course towards full mechanization of the harvesting process but growing environmental concerns for sustainable forest management demands there is a need to assess the suitability (technical and economic) of cable extraction systems in line with planned increase of harvested wood, either for biomass or the main wood supply chain. The main productivity research is discussed in Section 6 and aims to put the results of this paper into context with other cable logging studies but in general the key factor that affect these performance indicators of cable systems include stand density, log size, volume extracted, harvesting method, slope, yarding distance, the working crew and as can be seen from this study-the use of remote control chokers [19] . For other areas of development, Heinemain et al. [17, 20] at the 11th International Mountain Logging and Skyline symposium attempted to outline the developments needed in both cable based and yarder based logging technology noting a lack of data on how technological advances can improve productivity. He mentions how perhaps automated carriage movement could improve productivity by some 15%, but ultimately improved efficiency is determined by technology developments which also drives system productivity. More recently, Valente et al. [21] looked into the environmental performance of cable systems in an effort to assess whether more wood (or biomass) can be extracted in line with the EU's energy policy of 20% reduction of GHG emissions and an increase of 20% in the use of renewable energy sources. Given that 60% of the total forest area in Europe is only harvested, it is estimated that this figure is much lower in the mountainous areas, where over one quarter of the European forests are based and thus, this could be a huge source of increased biomass harvested through cable log operations that has potentially otherwise gone un-recorded in resource assessment studies. As well as playing a strategic role for EU policy it could also drive rural development in the form of new revenue streams. The estimates for the potential of above ground forest biomass suggests that larger volumes can be mobilised if novel technologies can be developed to improve the efficiency of the supply. According to Verkerk et al. [22] when calculating the realisable potential supply of forest biomass in the EU 27 (currently EU 28), the theoretical supply of 1277 Mm 3 per year overbark (OB) was available in 2010. This is made up of 52% stems, 26% logging residues and 22% stumps. However, the realisable potential is estimated at 58% of this value at 744 Mm 3 per year. This value could range from 623-895 Mm 3 depending on the low or high mobilisation scenarios by 2030 are incorporated into the supply chain. According to the European Bioenergy Outlook 2013 published by AEBIOM, the current EU RES target for heating and cooling, electricity generation and transport stands at 13% in 2011 and 8.4% of this is from biomass. Some countries such as Estonia, Latvia, Finland and Sweden are even higher than this at values of 25% and above [23] .
Biomass Sector in Ireland and Europe
The current use of woodchips across Europe as a biomass occurring in the order of highest to lowest are Sweden, Finland, Estonia, Austria and Denmark being the top five with logging residues after clearfelling representing 36% of the source of the woodchips and whole trees or stemwood from pre-commercial thinning representing 19%. Denmark, Ireland and Spain are exceptions in that the dominant source of woodchip is whole trees from pre-commercial thinning and industrial roundwood from thinnings [24] . In general, the supply chain for wood chip follows felling by harvester, moving to landing by forwarder, chipped at roadside and transported by truck to end user and is applied in countries such as Estonia, Finland, Germany, Latvia and Sweden. Only in the United Kingdom is wood chipped at power plant and only in Norway is it chipped at the terminal. The rest of the countries are at roadside also [24] .
In 2012, 36% of the total roundwood harvest in the Republic of Ireland was used for energy generation. This equated to 1.017 Mm 3 , 0.152 Mm 3 of which was used for electricity generation in Edenderry Power Station. This power station, which is owned by the peat company Bord Na Mona (BNM) is the only power facility in Ireland currently co-firing biomass with peat at present. Edenderry has a plant capacity of 128 MWe with plans for 30% co-firing rate by 2015. This equates to 300,000 t of biomass as its current annual peat consumption is 1 Mt [25] . The output of the forest based biomass sector grew by 4.4% over the previous year, 2011. Since 2006 the use of wood for energy has resulted in an estimated greenhouse gas saving of 3.12 million tonnes of carbon dioxide (CO2).
Forest Bioenergy policy is determined by the European's Union Directive 2009/28/EC which sets out targets for the promotion and use of energy from renewable sources. Article 4 of this Directive requires each member state to develop and adopt a National Renewable Energy Action Plan (NREAP) that must be submitted to EU for passing [26] . The plan is to set out the Member State's national targets for the share of energy from renewable sources consumed in transport, electricity and heating and cooling in 2020, demonstrating how the Member State will meet their overall national target established under the Directive. At the end of 2011 the EU 27 are at a target of 13% and this broken down into 15.1% heating and cooling, 21.7% electricity generation and 3.8% for transport. Of this, 68% is biomass including waste biomass and 47.8% is made up of wood and wood waste. Solid biomass will remain to be the most dominant form of renewables in Europe accounting for 56.5% of all renewables broken down into 65% for heat, 21% transport and 14% electricity [23] .
Latest figures from 2012 suggest this overall EU value is now at 14.4%, but the breakdown is not yet published. Given this trend it is anticipated that by the end of 2013 the target will be close to 15.8%. If this trend continues, then by 2020 the figure will have surpassed the planned 20% target to reach a 26% inclusion of renewable energy.
In Ireland, highlights of the NREAP include a 40% electricity consumption target from renewables by 2020 (latest target suggest this is now at 17.6% of which 13% is wind, 2.6% is hydro and only 2% from bioenergy (mainly biomass co-firing and landfill gas). The target is 12% for renewable heat by 2020. The current rate reached is 5% and this includes industrial and residential heat. A 10% RES-Transport target is currently at 2.8% [27] . Other countries are preforming extremely well with Sweden at 46.8% which is within 2.2% of their 49% target. Finland is also doing well at 31.7% with a target of 38%. Other countries performing well include Latvia (33.1%), Denmark (23.1%), Austria (30.9%) and Estonia who has already surpassed their target of 25% and currently at 25.9% [23] .
The Irish government has outlined five strategic goals to continue the development and deployment of renewable energy to be a significant component of Ireland's energy supply by 2020. Strategic goal number two sets out plans for a sustainable bioenergy sector supporting renewable heat, transport and power generation and this includes increase in mobilisation of forest biomass. This can be said for most if not all of the EU. Ireland's national bioenergy resources (including forestry, energy crops and biofuels) need to be developed and supported through a cohesive approach which addresses the supply side as well as the demand side issues. The recently announced REFIT III scheme for biomass technologies marks an important step in providing certainty for the sector. The sustainable growth of biomass/biofuel use in the heat sector as well as in power generation and transport will be underpinned by a comprehensive National Bioenergy Strategy in 2014. Bioenergy electricity generation offers the additional advantage of being dispatchable, i.e., it is available on demand and not intermittent. The development of biomass energy will encourage the establishment of new rural enterprises and support job creation in the regions, using our existing and potential indigenous resources-forest harvesting residues and thinnings [27] .
This paper aims to quantify the current productive machine hours and unit cost (€/m 3 ) of two cable logging operations in Ireland across three site conditions. SC I was operating on a clearfell site near Macroom, County Cork in the south of Ireland. This was a three man crew operation (choker setter, the carriage operator and unhooking chokers). SC II was a variation of this with a two man crew operation. The third scenario studied (SC III) was operating near Clonmel, Co. Tipperary. Radio controlled chokers were used in this operation and there was a two man crew (choker setter and carriage operator). The study analyses how operations in Ireland perform against previous known cable studies and to assess whether cable logging can compete with costs of conventional wood energy supply chain as a source of biomass. Results show how embracing technology in the form of radio controlled chokers can offer improved efficiencies in cable log operations to reduce the timber extraction costs and potentially compete with supplying biomass from an untraditional supply chain.
Materials and Methods

SC I & II Description
Coillte estate changed in late 2012 from 13 separate districts across Republic of Ireland to eight Business Area Units (BAU) which are sub-divided into 321 forests ( Figure 2 ). Each area is managed by a district manager that follows a district strategic plan that details the forests and assets in each district and outlines the plans for the forest management. The latest published plan covers the years 2011-2015. During this 5 year period, 4314 ha of land will be harvested, providing 2.107 Mm 3 of timber followed by a re-stocking area of 4777 ha [28] . The aim of the plans is to set out a vision for the next 20 years with shorter term policy and forest management goals being met on a 5 year basis with sustainability being the key principle for all activities. Coillte forests are managed to the Forest Stewardship Councils (FSC) certification. The first cable log location was operating on a clearfell site near Macroom, Co Cork (CK12) in BAU 7/South Munster ( Figure 2 ). The GPS co-ordinates (DMS) were Latitude +52° 00' 18.51" and Longitude −9° 06' 01.00" and located in forest compartment of Caherdowney 3210.
This site used two excavators, one fitted with winches and used for uphill hauling and the second excavator is used as an end-mast for anchoring where the boom is used as a tower for attaching the main skyline cable (Figure 3) .
A summary of the scenario conditions is shown in Table 1 . The Sherpa model carriage used on this site is designed for a 1.5 t payload. The two rope gravity system (skyline and mainline) and full tree harvesting method is applied. The crew comprised of three men, one man hooking logs, the second man unhooking logs and the third man operating the excavator. The two man crew comprised of one man hooking logs and the other operating the excavator and then exiting the machine to unhook the logs on the landing.
The total length of the skyline/slope was circa 130 m, the width of the site circa 300 m. The forest crop comprised 100% Sitka spruce 40-45 years old (Figure 4a ). A lower portion of site was on sensitive, waterlogged peaty soil. The access road was on top of the slope with a relatively flat portion of the site available for processing the whole trees. All machines operated off the forest road. Figure 4b shows the site when fully clearfelled. The average tree volume was 0.35 m 3 solid volume over the bark (m 3 ob) recorded from the Timberjack 1070 E harvester. Use of an excavator for anchoring is almost a necessity on this site due to the water logged soil and poor stump root stability. It means that the end-mast is easily moveable from side to side and the normal option of anchoring to the stump (or tree) is not necessary. This significantly improves safety as the stump/tree roots with poor root stability can imply a risk of potential skyline collapse.
Site Conditions
The disadvantage of this site can be seen in that the height potential of skyline is limited by its method of anchoring to the excavator. This therefore did not enable the crew to haul the logs to a flatter landing area which was available for use after being clearfelled by harvester ( Figure 5 ). Being able to land the logs off the slope would have allowed more efficient unhooking of the logs and more efficient processing of the logs by the harvester (de-limbing and bucking). As it stood, the harvester operator needed to pull logs off the slope before it could process and this proved troublesome and slow with logs being tangled and forcing the harvester to re-adjust position in order to finally retrieve the logs. In some cases, the harvester needed to grab logs off the slope in order to prevent them sliding back down the slope once released from the chokers. This was particularly evident when weather conditions were wet. [29] .
The Konrad carriage is designed for 1.5 t load and was used here. A two rope gravity system and full tree harvesting method is applied here also. Because radio controlled chokers are being used, which can be released with a signal by the carriage operator, they do not need the third man in the crew for unhooking and hence this system on initial viewing looked much more efficient.
The 
The disadvantage of the site can be seen in the necessary preparatory work at the landing for processing the logs (Figure 7) . To ensure the local farmer's land on the other side of the forest are not affected by prevailing winds from a full clearfell, circa 15 m circumference width of trees were left for agricultural land protection. The anchoring to the stump ensured a higher potential tensioning but with a longer skyline. This implied a longer time was necessary for setting up a new skyline when excavator movement was ineffective. 
Definition of Work Elements
The time studies and PMH of both systems were carried out with a Husky Hunter 16 data logger and SiWork software [30] . The following scenarios were observed ( Figure 8 ):
 SC I-Three-man crew at Macroom (one man choking logs, one man unhooking chokers and one man operating the carriage).  SC II-Two-man crew at Macroom (carriage operator exits machine to unhook the choker at landing with one man choking logs below).  SC III-Two-man crew at Clonmel. For this system, one scenario could only be observed-a two man crew operating with radio controlled chokers (one man hooking and carriage operator).
The operation was observed in cycles. Each cycle began and ended when the brake of carriage was released and carriage started to move from landing area towards the site. The cycle was divided into following activities and measured in seconds:
 Hauling out-brake opened, the carriage moves towards the site, reaching the point defined by operator and the brake is locked.  Pulling out-the main line is released from the carriage and the choker setter is holding the end of rope including log chokers to the first place of hooking.  Hooking-the choker setter starts the hooking of the first tree (including re-arrangement of log-chokes) and ends when the rope starts to be winched.  Pulling in-starts with winching the trees, bringing them under the carriage and ends when rope is secured and carriage brake is opened.  Hauling in-brake opened and the carriage is pulled back towards the excavator. The activity ends when carriage brakes are closed and main line is released.  Unhooking-rope released and operator unhooks the log chokes. Ends when rope is pulled in the carriage, is fixed and carriage brake are opened.  Moving-This activity does not necessarily occur in each cycle but consisted of.
o Releasing the skyline, the excavator is ordering/cleaning the landing or moving to another position. Ends when the skyline is tensioned and the carriage brake is released enabling the carriage to move.
Excluding the above mentioned activities the following information was recorded for each cycle;
 Extraction distance (distance between the yarder and carriage positioned for side pulling).  Side distance (walking distance of choker setter between skyline and trees for pulling).  Number of trees extracted. 
Results-Costing Analysis
The costing analysis of the three site conditions was based on data by Miyata [31] , who developed a standardised method to analyse the efficiency and production costs of equipment in the logging industry. The costing's detail the fixed costs, ownership costs and operating costs to determine the total machine cost per SMH and PMH ( Table 2) .
The purchase prices of machines/retrofitting are estimates and based on communications with the owner/operator at values of €150,000 in total. As mentioned previously, SC I and II operating two excavator machines, one for skyline anchoring and the other for cable yarding. SC III operated only one excavator, but a much newer machine and thus the purchase costs were in fact similar. The cost of three remote controlled chokers were valued at approximately €20,000 for SC III. Machine salvage value was set at 10% of the purchase price with 7% for insurance and tax and 8% for the interest rate on the machine investment. Labour cost was set at €13/SMH equating to an operator cost per PMH of 52 €/h, 34.67 €/h and 35.67 €/h for each of the three sites respectively. The estimated annual utilisation of the machines was set at 1500 PMH (75% of 2000 scheduled machine hours) with a machine life of 5 years. The fuel consumption of the machines was not measured in this instance, but instead estimated based on formula 0.267 × nominal power (kW) × load factor. Load factors can be categorized generally as follows:
• 80% (Load factor) = very heavy work in hardest operational conditions. • 60% = Heavy work in hard jobs. • 40% = Above average hard work (used as basis for contract agreements generally). • 29%-30% = Average work load of the engine.
The load factor was set at 40% and the rated engine power of the excavators was 194 kW. The fuel consumption of the anchoring machine on SCs I and II was set at a very low load factor of 5% since its movement was very limited. Fuel consumption was higher as a result at 23.6 L/h and 21 L/h for SC III. Diesel cost was based on the price of subsidised industrial diesel or agricultural/green diesel at a value of 0.9 €/L. This corresponds to a fuel cost of 21.24 €/h and 18.90 €/h. Total machine operating costs per PMH was therefore calculated at 113.02, 95.96 and 88.87 €/PMH across all three sites. With the volume/PMH recorded at 17.97, 15.09 and 20.58, the total unit cost in €/m 3 per site was calculated as 6.28, 6.34 and 4.32.
Results-Productivity Analysis
Two time studies were carried out on the Macroom site:
 SC I-three man crew operating (Figure 9 marked by circles)  SC II-two man crew operating (Figure 9 marked by square).
One time study was carried out on the Clonmel site:
 SC III-two man crew with remote controlled chokers (Figure 9 marked by triangle).
A summary of the data collection is outlined in Table 3 followed by Table 4 detailing the results of the time study with recorded times and standard deviations for the six major work elements of the study. The hauling out/in and pulling out/in activities are effectively the same. The hooking activity correlates with side distance and again is comparable for all time studies. The significant difference was found in time consumption during unhooking activity and moving activity. While moving and landing ordering time differs with site, the unhooking process was related to the crew and to the equipment used. Figure 8 plots the work elements for each site together with the standard error of the mean (SEM). It can be seen how hauling out, pulling out, pulling in and hauling in have comparable times of operation across all three sites. Of interest is the hooking and unhooking time for SC I which are very close at 51.2 and 51.7 s while hooking time for SC II and III are of similar values (66.2 and 66.5 s). Unhooking for the SC III was 23 s while SC I and II was 51.7 and 78.2 s respectively. 
Results-In Context
The simulation of remote controlled chokes is shown in The volume per PMH was recorded at 17.97 for SC I, 15 .09 for SC II and 20.58 m 3 for SC II and calculates to a unit cost of production for each SC of 6.29 €/m 3 , 6.43 €/m 3 and 4.57 €/m 3 . The difference in productivity versus SC III remote controlled chokers is 5.49 m 3 /PMH for SC II crew and 2.61 m 3 /PMH for SC I (Figure 12 ). Stampfer et al. [15] recorded a payback time of 450 h using radio controlled chokers for cable logging operation in the eastern part of the Austrian Alps versus standard chokers. The difference in productivity using radio controlled chokers in this case was 0.62 m 3 /PSH15 for an average tree volume of 0.6 m 3 . For higher tree volumes of 1.2 m 3 the increase in productivity was approximately 1.2 m 3 /PSH0. To compare productivity for similar tree volumes of 0.40 m 3 for Irish conditions suggests 5.5 m 3 /PSH0 for radio controlled chokers and approximately 5 m 3 /PSH0 for standard chokers. In 2002, Torgersen et al. [13] designed and manufactured an excavator based cable log system at the Swedish Forest Research Institute (Skogforsk) using a 14 t Kobelco SK120 excavator. Its design was slightly different to what was used in this study in that its boom was free to process and sort trees as they were hauled to the landing. The time study was carried out in Telemark, Norway primarily on Norway spruce. Productivity for the extraction of trees was measured at 12.2 and 10.5 m 3 /PMH for corridor lengths of 120 m and 110 m respectively and average tree volume of 0.6 m 3 . A similar design used in the UK reported productivity at 6.13 m 3 /PMH with an average tree volume of 0.3 m 3 and extraction of Sitka spruce [32] . Other smaller based non excavator yarder systems report productivities ranging from 1.5 to 2.4 m 3 /SMH [11] while one study in South Africa reported quite a high productivity for both downhill between 28 and 36 m 3 /h and uphill between cable logging 25 and 33 m 3 /h [33] . Previous cable logging productivity studies [10, [34] [35] [36] suggest a total cycle time between 3.65 min and 5.50 min (Figure 13 ). Figure 13 . Average delay free total cycle times from four separate cable logging studies compared to this study [9] .
Results from the observed sites of this study include 3.50, 4.01 and 4.77 min for total cycle time of cable logging operations in Ireland. Comparing the figures from Table 3 suggests operations in Ireland are comparative to previous studies in other countries, if not better ( Figure 11 ). Baker et al. [9] stated that between 10% and 20% of the total cycle time can be attributed to unhooking the chokers at landing. That is certainly the case for the SC I and II with unhooking time accounting for 21% and 27% respectively. Unhooking with the remote controlled chokers accounts for 11% of the total cycle time.
Using the third man on SC I can reduce the total cycle time by 46 s (19%). The average increase in volume per PMH as a result was 2.61 m 3 over SC II. SC III had a total cycle time of 209.9 s, 76.5 s (36%) quicker than SC II and 30.5 s (14%) quicker than SC I primarily as a result of the remote controlled chokers. The decrease in total volume extracted from SCs I and II versus SC III as a result was 15.69 m 3 (15%) and 32.97 m 3 (36%) respectively. In value terms, the unit cost (€/m 3 ) varied from 6.29 (SC I) to 6.43 (SC II) to 4.57 (SC III).
Discussion and Conclusion-Sawn Products or Wood Energy?
Cable logging in Ireland at present is a limited operation within the forest sector with over 95% of timber harvesting being mechanised. The question arises whether the timber harvested in a cable log scenario could be marketed for the sawmilling industry or wood for energy. Without a cable operation the timber is unlikely to be harvested in any mechanised capacity, if at all. Therefore, how can the costs of cable wholetree extraction from this study relate to the costs of the traditional wood energy supply chains in Ireland? The standard supply chain for wood energy can be summarised as thinnings producing a standard short wood (3 m) assortment, with a minimum top diameter of 7 cm. Mechanical harvesting produces delimbed stems, leaving branches and any stem material less than 7 cm in diameters and 3 m length to usually form a brash mat on which the harvester and forwarder drive. Chipping is carried out at the forest roadside by tractor or truck-drawn machines, which operate while stationary on the forest road, and are fed by a crane fixed to the tractor or truck. Results from 0.00 
Reference Studies
Kent et al. [37] showed the variation in the total costs of wood energy operations from five conifer sites in Ireland to vary from 38.02 €/m 3 to 55.45 €/m 3 . This included felling by harvester (23.21 €/m 3 -33.75 €/m 3 ), extraction by forwarder (8.78 €/m 3 -26.36 €/m 3 ) and road side chipping (6.03 €/m 3 -11.41 €/m 3 ). A more suitable supply chain that could be comparable to cable logging would be whole trees from thinnings produced through chainsaw harvesting. In this case, trees are felled without delimbing or crosscutting, and a terrain chipper is used to chip the whole tree at the stump. The whole tree operation corresponds to a row thinning only with no selection between rows. Chipping is carried out by a whole tree terrain chipper (e.g., Silvatec™, Denmark). A chip forwarder loads the chips onto walking floor trucks which deliver the wood chips to the power plant. The associated production costs for this supply chain on the same five sites studied by Kent et al. [37] ranged from 16.85 €/m 3 to 29.77 €/m 3 . This is the total cost/m 3 and is the sum of the felling and chipping costs. For this comparison to make logic, then the cost of felling in this supply chain must be at least comparable to the cost of extraction for the cable log scenario, assuming that the cost of chipping can be taken as being similar for each scenario. Results suggest that this is possible by breaking down the total cost of this wood energy chain into felling varies from 3.17 €/m 3 to 8.01 €/m 3 . These costs can be compared to results of this work with figures varying from 6.29 (SC I) to 6.43 (SC II) to 4.57 €/m 3 (SC III). Of course the market value of the end product will always determine which market the product eventually goes to. For the cable logging operation studied, the average tree volume was 0.40 m 3 and this could be valued at 48.64 €/m 3 for a standing sale [38] . Given that the average tree volume from Kent et al. [38] for the five sites was 0.162 m 3 , equating to a standing sale price of 9.50 €/m 3 suggests that while these supply chains are not comparable in terms of value for end product, it is possible to see how the production costs of extraction can be similar. From this, because the cable log sites are remote and generally unmanaged the quality of the timber might not always be suitable for sawn products and wood for energy might in fact be the best end market for the logs into the future when increased mobilisation of wood fibre will be required to meet renewable energy targets through the use of solid biomass.
